Gestational vitamin D insufficiency is related with increased risks of various diseases and poor health outcomes later in life. Telomere length at birth or early in life is known to be a predictor of individual health. Both vitamin D and telomere length are related with various health conditions, and vitamin D concentrations are associated with leukocyte telomere lengths in women.
| INTRODUCTION
The gestational vitamin D concentration is emerging as a significant factor influencing children's health outcomes (WHO Guidelines Approved by the Guidelines Review Committee, 2012). Gestational vitamin D insufficiency is related with increased risk for not only fetal growth restriction (Leffelaar, Vrijkotte, & van Eijsden, 2010 ) but also infections (Łuczyńska et al., 2014) , atopic diseases (Baïz et al., 2014) , and poor skeletal (Javaid et al., 2006) and neurocognitive (Whitehouse et al., 2012) development later in life. Considerable evidence has suggested that vitamin D has a wide spectrum of extra-skeletal functions, beyond its well-established role in musculoskeletal health (Rosen et al., 2012) . Low vitamin D concentrations or vitamin D deficiency increase the risk of autoimmune disorders (Agmon-Levin, Theodor, Segal, & Shoenfeld, 2013) , several cancers (Ma et al., 2011) , cardiovascular diseases (Wang, 2016) , and all-cause mortality (Garland et al., 2014) in adults. Moreover, vitamin D deficiency in pregnant women is prevalent (Choi et al., 2015) . Recently, many clinical trials involving vitamin D supplementation for pregnant women have been conducted (De-Regil, Palacios, Lombardo, & Peña-Rosas, 2016) or are in progress (Chakhtoura et al., 2016) , and vitamin D supplementation during pregnancy is a hotly debated issue.
Telomeres are repetitive sequences of DNA (TTAGGG) located at the ends of mammalian chromosomes that help to maintain genomic stability and function (Eisenberg, 2011) . Shorter telomeres are associated with increased risks of cancers (Zhu et al., 2016) , cardiovascular diseases (Haycock et al., 2014) , overall mortality (Rode, Nordestgaard, & Bojesen, 2015) , poor physical performance (Lee, Bang, Ko, Kim, & Lee, 2013) , and psychological illness (Ridout, Ridout, Price, Sen, & Tyrka, 2015) . Telomere length is considered to be a useful index for monitoring ageing and fitness and is known to be influenced by both environmental and genetic factors (Honig et al., 2015) . Telomere length appears to be highly heritable; its heritability is greater than 50% (or up to 82%), by most estimates (Honig et al., 2015) . Unexpectedly, one study reported that the rank of an individual's leukocyte telomere length during adulthood does not change across the course of adult life (Benetos et al., 2013) . Telomere length at birth or early in life may be a predictor of individual health. The detection and modification of prenatal factors affecting telomere length may help to ensure that an individual has the maximal telomere length at birth. Both vitamin D and telomere length are related with various health conditions, and vitamin D concentrations were found to be positively associated with leukocyte telomere lengths in women but not in men (Julin, Shui, Prescott, Giovannucci, & De Vivo, 2017; Liu et al., 2013; Richards et al., 2007) . However, no study has explored the association between maternal vitamin D levels and newborn telomere lengths.
In this cross-sectional study, we investigated the association between maternal vitamin D concentrations and the leukocyte telomere lengths of newborns, using a sample of a healthy pregnant woman in the third trimester without adverse obstetric outcomes and their newborns.
| METHODS

| Study participants and data collection
The study included 106 pregnant mother-newborn pairs. Healthy pregnant mothers in the third trimester were recruited through an obstetrics and gynaecology hospital and a university-based childbirth clinic in Seoul between October 2012 and May 2013. For a twotailed test, a medium effect size (ρ = 0.30), α-error = .05, and total sample size = 106, power was 0.89 using power calculation software (G*Power 3.1.9.2). A questionnaire and dietary interview were performed, and blood was collected. Participants were excluded if the pregnant mother had obstetric complications such as preeclampsia, eclampsia, or gestational diabetes, if the fetus was suspected of having a congenital anomaly such as Down syndrome based on the triple test or ultrasound examination, or if the newborn was a preterm baby (gestational week <37). At delivery, cord blood of the newborn was collected. Written informed consent was obtained from each participant and from a parent of the newborn. The study complied with the Declaration of Helsinki, and the study protocol was approved by the institutional review board of Chung-Ang University Hospital, Seoul (C2012185(880)).
2.2 | Serum 25-hydroxyvitamin D, total white blood cell count, and glycosylated haemoglobin measurements 
| Measurement of maternal and cord blood leukocyte telomere lengths
The measurement of telomere length in leukocyte genomic DNA was accomplished by extraction of DNA from whole blood with the G-spin genomic DNA extraction kit for blood (iNtRON Biotechnology Inc., Kyungki-Do, Korea). All DNA samples were diluted to the same concentration (based on UV absorbance) and stored at −80°C until the time of use. Leukocyte telomere length was measured as the ratio of the telomere repeat copy number to the single-gene copy number (T/S ratio) by a quantitative real-time polymerase chain reaction (PCR), as previously described (Wong & Cortopassi, 2002) . and 500 nmol/L of 5′-CACCAACTTCATCCACGTTCACC-3′. The thermal cycling profile for telomere amplification was 10 min at 95°C, followed by 25 cycles at 95°C for 10 s and 1 min at 58°C. The thermal cycling profile for beta-globin amplification was 95°C for 10 min, followed by 35 cycles at 95°C for 10 s and 56°C for 15 s. Each sample
Key messages
• Most pregnant women in the third trimester had vitamin D deficiency, and monitoring of vitamin D status during pregnancy must be carried out.
• It should be recommended that pregnant women get enough exposure to sunlight to maintain adequate vitamin D status.
• More clinical research is needed to figure out the effect of maternal vitamin D supplementation on the newborn telomere length.
was run in duplicate, with 25 ng of DNA per 10 μl reaction. A no-template control was included in each run, and the same calibrator sample was used in all runs to allow comparison of results across runs. Melting curve analysis was performed on every run to verify the specificity and identity of the PCR products. Quantitative values were obtained from the Ct value at which a single increase associated with exponential growth of PCR products was detected, through the use of LightCycler analysis software. The Ct values generated were used to calculate the T/S ratio for each sample through the equation: T/S = 2 −ΔCt (where ΔCt = Ct single-copy gene − Ct telomere ). The coefficients of variation of the telomere, single gene, and T/S ratio duplicate assays were less than 4%, less than 3%, and less than 5%, respectively.
| Nutritional assessment
Nutritional assessment was performed on dietary intake data obtained by the 24-hr recall method. An experienced, well-trained clinical dietitian instructed the respondents to recall and describe all of the foods and beverages they consumed on the previous day. Dietary data were analysed in CAN-pro 3.0 (Korean Nutrition Society, Korea), a professional software for nutrient calculation. Intakes of protein, fat, and carbohydrate were presented as percentages of total energy intake. The dietary folate equivalent (DFE) was estimated based on 1.0 μg of food folate or 0.6 μg of folic acid added to foods (Kim et al., 2011) .
| Survey of health behaviour, medical history, and quality of life and measurement of anthropometric parameters for covariates
Health behaviours including smoking status, physical exercise, body weight before pregnancy, medical history, and quality of life were assessed by a questionnaire. Regular exercise was defined as physical exercise performed for at least 30 min more than three times each week. Quality of life was measured with the 36-item short-form health survey, Korean version (Han, Lee, Iwaya, Kataoka, & Kohzuki, 2004 (Hair et al., 2010) .
And all variables were included in the stepwise model. Significance for entry into the final model was based on the 0.15 level automatically determined in a stepwise regression (Bendel & Afifi, 1977; Hosmer & Lemeshow, 2000) . We also assessed goodness of fit of the final model using Mallows Cp, Akaike information criterion, and root mean-square
error. This final model showed the smallest Cp, the smallest Akaike information criterion, and the second smallest root mean-square error.
All calculations were performed with the SAS 9.1 statistics package (SAS Institute Inc., Cary, NC, USA).
| RESULTS
Of the study participants, 75% of mothers were over 30 years old. Table 1 .
Leukocyte telomere lengths in newborns correlated positively with maternal leukocyte telomere lengths (r = .76, p < .01), maternal 25(OH)D concentrations (r = .72, p < .01), maternal energy intakes (r = .22, p = .03), and newborn body weights (r = .51, p < .01; Table 2 and Figure 1 Note. SD = standard deviation; IQR = interquartile range; T/S ratio = ratio of telomere repeat copy number to single-gene copy number; SF = short-form health survey; DFE = dietary folate equivalent. .96
Carbohydrate intake (% of total energy intake) −.05 .60
Fat intake (% of total energy intake) .07 .47
Folate intake (μg DFE) .14 .16
Newborns Birthweight (g) .51 <.01
Note. T/S ratio = ratio of telomere repeat copy number to single-gene copy number; SF = short-form health survey; DFE = dietary folate equivalent. concentrations are not associated with leukocyte telomere lengths.
One study was conducted only in men (Julin et al., 2017) , and the other study was conducted in young adults (Williams et al., 2016) . This dis- (Calton, Keane, Newsholme, & Soares, 2015) . In addition, 25(OH)D concentrations were found to correlate inversely with CRP levels in newborns (Tao et al., 2015) . Calcitriol is produced in the decidua and placenta in pregnant women (Barrera, Díaz, Noyola-Martínez, & Halhali, 2015) and may be crucial for controlling intrauterine inflammation at the feto-maternal interface to ensure successful implantation and protection of the conceptus (Tamblyn et al., 2015) . In preeclampsia, calcitriol levels may be low, whereas the levels of proinflammatory cytokines such as tumour necrosis factor α and IL-6 may be high (Barrera et al., 2015) . In cultured placental cells from preeclampsia patients, proinflammatory cytokine secretion and mRNA expression were downregulated by calcitriol (Noyola-Martínez et al., 2013) .
Second, vitamin D can directly enhance the activity of telomerase, an essential enzyme for the maintenance of telomere length. Human telomerase reverse transcriptase (hTERT) is a key component of the telomerase complex and regulates telomerase activity (Nakamura & Cech, 1998) . Telomerase activity increases when hTERT is phosphorylated by the phosphatidylinositol 3-OH kinase (PI3K)/Akt kinase signalling pathway (Kang, Kwon, Kwon, & Do, 1999) . shortening in human umbilical vein endothelial cells, whereas the addition of exogenous Klotho prevented this (Buendía et al., 2015) . Thus, it is noteworthy that calcitriol can upregulate the expression of Klotho (Forster et al., 2011) . Kim et al., 2011) . Unlike the prior study, we did
Association between maternal 25-hydroxyvitamin D levels and newborn leukocyte telomere lengths. Maternal 25-hydroxyvitamin D levels and newborn leukocyte telomere lengths were analysed after log transformation. p-values were calculated by Pearson's correlation. T/S ratio and ratio of telomere repeat copy number to single-gene copy number not include folic acid content from supplements in our calculation of daily folate intake. Because a considerable number (47.4-66.7%) of Korean pregnant women take supplemental folate (Kim et al., 2011; Park et al., 2012) , folic acid from supplements should be included in future studies for an accurate evaluation of folate intake.
In this study, newborn leukocyte telomere lengths were positively associated with newborn birthweights. Three previous works on this subject had different results. One study indicated that leukocyte telomeres were shorter in large-weight-for-gestational-age newborns than in small-weight-for-gestational-age newborns (Tellechea et al., 2015) .
However, another two studies revealed no difference in telomere length according to newborn birthweight (Akkad et al., 2006; Entringer, Epel, Lin, Blackburn, Buss, Shahbaba, et al., 2015; Entringer, Epel, Lin, Blackburn, Buss, Simhan, et al., 2015) . Short telomere lengths are associated with increased risks of chronic diseases in adults (Agmon-Levin et al., 2013; Ma et al., 2011; Wang, 2016) , and a low birthweight (<2,500 g) increases the risk of chronic diseases such as chronic kidney disease (Das et al., 2016) , asthma (Xu et al., 2014) , and coronary heart disease (Wang et al., 2014) (Ramakrishnan, Imhoff-Kunsch, & Martorell, 2014) . A recent meta-analysis concluded that providing nutritional advice or balanced energy and protein supplements to pregnant women may be beneficial (Ota, Hori, Mori, Tobe-Gai, & Farrar, 2015) . Our finding supports the results of this meta-analysis.
The positive correlation between physical exercise and telomere length has already been reported in various subjects. Consistent with the results of prior studies (Kim, Ko, Lee, Lim, & Bang, 2012) , regular maternal exercise was also related to newborn telomere length. As far as we know, this is the first study evaluating the association between maternal vitamin D levels and newborn leukocyte telomere lengths. Several limitations should also be noted. First, this study is a cross-sectional study, so it was not possible to identify causation. It is possible that longer telomeres influence vitamin D levels and thus that maternal telomere lengths influence maternal vitamin D concentrations. Because there was a strong correlation in the telomere lengths between mother-newborn pairs, maternal vitamin D levels may only appear to be associated with newborn telomere lengths. Second, we performed an immunoassay instead of liquid chromatography-tandem mass spectrometry to measure vitamin D concentrations. Immunoassays may overestimate the 25(OH)D levels, because of the cross-reactivity of antibodies or nonequimolar recognition of the vitamin D2 and D3 forms of 25(OH)D (Choi et al., 2015) .
Third, we did not examine the maternal estriol concentrations, maternal folate intakes including supplements and folate concentrations, or newborn 25(OH)D as covariates. Recent studies reported that maternal estriol (Entringer, Epel, Lin, Blackburn, Buss, Shahbaba, et al., 2015) and folate (Entringer, Epel, Lin, Blackburn, Buss, Simhan et al., 2015) concentrations were associated with newborn telomere lengths.
In particular, it is well known that oestrogen stimulates the transcription of the gene-encoding hTERT, the enzyme that elongates telomeres (Cha, Kwon, Seol, & Park, 2008) . Fourth, we did not examine maternal socio-demographic factors such as educational level, residential area, and occupation. It was recently reported that maternal education levels (Wojcicki et al., 2016) and residential traffic exposure (Bijnens et al., 2015) were associated with telomere lengths at birth.
These factors may have been significant confounding factors affecting the relationship between maternal vitamin D concentrations and newborn telomere lengths. Finally, this study was small and not population based, which limits the generalizability of the results.
In conclusion, this study demonstrated that maternal vitamin D levels were positively associated with newborn leukocyte telomere lengths. This finding indicates the need of examining vitamin D deficiency in pregnant women. Further studies are needed to confirm these associations and the underlying mechanisms.
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